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Abstract 

We have analyzed the breakdown of global supersymmetry by a non- vanishing expectation 
value of the fifth component of the graviphoton on warped S 1 /Z 2 orbifolds. It has been demon- 
strated that the setups where such a breakdown is possible correspond to the models where the 
true gauge symmetry on the orbifold, respecting the Z 2 -parities and periodicity, is broken by 
boundary terms. In the tuned models, giving Randall-Sundrum warp factor, gauge symmetry 
stays intact, and any (A 5 ) can be gauged away without violating supersymmetry. 
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1 Introduction 

Brane-bulk supergravities generalize the concept of supersymmetry to setups combining de- 
grees of freedom that propagate in subspaces of various dimensionalities, sometimes spatially 
disconnected [l] They provide consistent field-theoretic framework for the discussion of 
important aspects of modern string theory physics. Most importantly, with supergravities that 
include lower dimensional branes it is possible to study reliably supersymmetry breakdown 
and its transmission between various sectors of a model. In this note we shall discuss a class 
of warped (gauged) supergravities with a non-zero background of the fifth component of the 
graviphoton switched on. It turns out that such a background typically breaks supersymme- 
try completely leading to four-dimensional AdS± models with no supersymmetric vacua. The 
exceptional case is that of the models with tuned brane tensions corresponding to the Randall 
Sundrum warped geometry. There the (A$) doesn't break supersymmetry. In the present paper 
we discuss several examples with various sets of boundary conditions, in particular the ones 
that correspond to super-bigravities. We also discuss in detail and clarify the relation between 
the original U(l) gauge invariance that has been instrumental in the construction of the warped 
supergravities, and the breaking of supersymmetry by non-zero (A5). It turns out that often in 
order to supersymmetrize the brane-bulk Lagrangian one needs to sacrifice the original gauge 
invariance. These are precisely the cases where it is possible to break supersymmetry assuming 
non- vanishing (A 5 ). One can think of such configurations as of the 'would-be' Wilson lines of 
the broken gauge symmetry. Supersymmetry breakdown due to boundary conditions has been 
addressed by a number of papers [H]-|13|. In fact, the interesting point is that eventually the 
origin of supersymmetry violation induced by non-zero (A 5 ) can be traced back to fermionic 
boundary conditions given by boundary mass terms of gravitini. The boundary masses are 
supersymmetry singlets, whereas boundary superpotentials, or boundary gaugino condensates, 
which have been identified earlier as sources of supersymmetry violation, do transform under 
supersymmetry. 



To begin with, let us briefly summarize the brane-bulk super-bigravity Lagrangian, constructed 
in [10]. The simple N=2 d=5 supergravity multiplet contains metric tensor (represented by the 
vielbein e™), two gravitini ^ and one vector field A a - the graviphoton. We shall consider 
gauging of a U(l) subgroup of the global SU{2) R symmetry of the 5d bulk Lagrangian. One 
adds to the initial bulk Lagrangian boundary terms that include brane tensions and/or gravitini 
mass terms on each brane. The 5d action describing such a setup reads S = J Ms (Cbuik+£brane), 
where 
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The Mi, Mi are constant matrices, symmetric in the symplectic indices, that denote gravi- 
tini mass terms on the brane at the fixed point yi. The covariant derivative contains both 
gravitational and gauge connections: 



(3) 



where V = V a ia a is the gauge prepotential. The pair of gravitini satisfies symplectic Majorana 
condition ^> A = = (e AB ^ b) T C where C is the charge conjugation matrix and e AB is 

the antisymmetric SU(2)r metric (we use the convention e\2 = e 12 = 1). Supersymmetry 
transformations include singular terms proportional to the delta functions 
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where a, L = 1 if the orbifold step function e(y) 'jumps up' at the fixed point yi, or a; = —1 if 
it 'jumps down'. The Qi denotes Z 2 parity operator acting locally on the gravitini sector 1 as 
follows: 



viivi -v) = is{Qi) A B^{y* + y) , -v) = -is(Qi) A B ^(vi + v) ■ 



(6) 



The symplectic Majorana condition and the normalization (Qi) 2 = 1 imply Qi = (qi) a a a , where 
(qi) a are real parameters. 

In the general case [H] one can write down the prepotential as follows: V = gne(y)TZ + gsS, 
where 1Z = r a ia a commutes and S = s a ia a anticommutes with each Qi. 

The closure of the supersymmetry algebra provides relations between parameters of the 
boundary Lagrangian and the prepotential: 
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Let us assume the prepotential of the form V B = g\(ai) B and (Q ) 



Let us allow only the even components of gravitini to have mass terms on the branes 
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1 The parameters r\ of the supersymmetry transformations obey the same boundary conditions as the 4d 
components of gravitini. 



Then the boundary conditions take the form 

e- 1 ^)^ - 7rr c ) 75 (^) A = S(y - 7rr c )aM A ( V+ ) B , (9) 
where we have decomposed fermions into the even (+) and odd (— ) components 

(v±) a = \(5±i^) a bV b . (10) 



The equations (j2J) are satisfied, if 



Ac = -9lV2-^ , A. = -<?4V2-^ . (11) 
1 + a<5 1 + a; 



For g = \\p2k the bosonic part of the Lagrangian reads 

S = J d b x^i{ l -R + Qk 2 ) - 6 j d 5 x^g- 4 k(T 5(y) + TJ(y - vrr c )) , (12) 

where T 07r = — 2a 0j7r /(l + Oq ). Note that |T 0)7r | < 1. For T = — = 1 we obtain supersym- 
metric Randall-Sundrum model, while for other values of T 7r we have AdS$ in the bulk with 
AdS± foliations (the super-bigravity for example). 

3 Supersymmetry breakdown 

Let us assume a nonzero expectation value of A 5 . Let us solve Killing equation to check whether 
supersymmetry remains unbroken: 



3 

For the RS background (aco = —®tt = — 1) we can write 



(13) 



= dtfi - he(y)^ 5V A + \k{a x ) A B , (14) 

= d 5V A + H°i) A bV* + lk(<7i) A BlsV- , (15) 

= d 5V A + icCaO V + ifc((Ti)l7fet^ - 2(%) - % - Trr^" 1 ^ , (16) 

where e = g(A 5 ). The equation (fTljl is satisfied by r^f = e(y)'Y5(o'i) A 3i] B . , where we have assumed 
that the Killing spinor doesn't depend on x^. One can easily find the solution of (fl~5j) and (fT6j) 

^ = e- 1 ^^ , r?i = e(y)e-^- 2i ^r)L , 

i£ = -e-i^W^ , rt = e(y)e^ k+2 ^ R , (17) 
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where fj is a four-dimensional Majorana spinor in flat space. Notice, that first and second 
components of the Killing spinors have phases, which are complex conjugates of each other. In 
fact, this relation is required by the 5d Majorana condition. Thus there exists a global unbroken 
supersymmetry that gives rise to a flat N=l supergravity in 4d with susy preserving vacua. 

Let us now turn to the detuned case. As an example we consider the super-bigravity. 
Taking 

cosh(/c7rr c /2) ± 1 cosh(/c7rr c /2) ±1 

sinh(/c7rr c /2) ' n sinh(/c7rr c /2) 

we obtain the bosonic action of the 4d bigravity 

S = J <f>xy/^f 5 { l -R + 6k 2 ) - 6 j d 5 x^lkT(5(y) + 8(y - vrr c )) , 



(19) 



where k = and T = tanh(£;7rr c /2). Gravitational background does not admit a flat 4d 

Minkowski foliation, and the consistent solution is that of AdS^ branes: 

ds 2 = a 2 (y)g liu dx fl dx u + dy 2 , (20) 

where 

\J — A / kirr c \ 
= — k — ° V 2~ J ' ' ^ 



and g^ u dx^dx u = exp(— 2\J — Ax 3 )(— dt 2 + dx\ + dx 2 ,) + dx\ is the four-dimensional AdS metric. 
The radius of the fifth dimension is determined in terms of the brane tensions 

knr c = In . (22) 



Normalization a(0) = 1 leads to the fine-tuning relation A = (T 2 — l)k 2 < 0. 

Notice in (jTHjl . that we have two possibilities for the brane gravitini masses: «o = l/a^ and 
ao = a n - In the first case five-dimensional vacuum spontaneously breaks all supersymmetries, 
while in the second N=l supersymmetry is preserved. To justify this observation, let us assume 
cto = ot-n = —a, where 

cosh(A;7rr c /2) - 1 

a — m — ■ (2o) 

sinh(/c7rr c /2) v ; 

Killing equations in the presence of a non-zero expectation value of the (A 5 ) = e/g, take the 
form 

= + he(y) tanh (k\y\ - 7m 7s< + \k{(?i) A B l^ , (24) 

= d 5 4 + ic(a0 V + ~%i) A B 75^ , (25) 
= d^ A + iefa)* t£ + \K°i) A b1wI - 2(%) - % - Kr c ))e-\y)^ , (26) 
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where denotes covariant derivative with respect to the four-dimensional AdS geometry. 
Note that the equations have imaginary coefficients, hence we have to consider complex ampli- 
tudes in the solution. The appropriate decomposition of the Killing spinors reads 

,a ( <f>+{y)vR \ A a _ / \ ( 4>-{y)vL N 1 



^l-Sj • • (27) 

where fj denotes the Killing spinor in the AdS± which satisfies: — |V— V = . 
The equations J23) , and ([2~B1) can be solved by 

<f>+(y)= N cos (e\y\) cosh (*M _ to*) + iiVsin (e|y|) sinh - ^) , 

<f>_(y)= -N cos (e\y\) sinh - -iN sin (e\y\) cosh f *M _ **pA , (28) 

where N is a normalization constant. One can easily check that boundary conditions (jOJ) are 
satisfied only if 

sin (eirr r ) , . 

cosh (/brr c /4) ' 1 1 

which means that the {A$) background does not break supersymmetry for e = p/r c , where p is 
an integer (p G Z), or in the limit r c — > oo, which implies Xo/ n — > 6k. 

4 Singular gauge transformations 

Typically, especially in models considered on S 1 , one can break supersymmetry by a non-zero 
expectation value of A 5 . To see why the situation is more complicated on an orbifold S 1 /Z 2 , 
let us attempt to go to the picture where (A 5 ) = 0. We can try to do this using gauge 
transformation of the form, [H], 

*M^e™W* M , rj^e^v, (30) 

with V£ = gi(ai)^ , where we consider the most general form of the transformation parameter 
Q(y) = uj(\y\)e(y). Note, that in this paper by a gauge transformation we mean exclusively 
transformations which are 'legal' on the orbifold, i.e. the ones which are periodic and preserve 
^-parities of all fields. We will find the explicit form of the fl(y) requiring that 6A 5 = — e/g 
and gauge invariance of the bulk plus brane action. 

To be consistent with the 'epsilon rules' (see [10J), we have to require that gauge transfor- 
mations do not change the powers of the e(y) 

n — n + i<7we(<7i)f tt£ • (31) 
One can write the finite transformations as follows 

n=0 v ' n=0 v ; 

= cos (gu) + ie Tl sin (guj) . (32) 
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Notice, that in this case we should treat e 19<Tluje not as a function of e, but rather as a symbolic 
shorthand for the expression (|3~21) . If we restrict ourselves to the bulk Lagrangian, both forms 
coincide. The difference becomes important for the singular terms proportional to the 5(y) 
function. 

The Lagrangian variation under gauge transformations includes: 

(ao6(y) + aj(y - 7rr c )) — > 

±i cos (gu) sin (gu) (fci^Ai^iW -1 ^ 1 (5(y) - 5(y - nr c )) 
±sin 2 (gu) (^^V^W" 1 (5(y) - S(y - vrr c )) 

- cos 2 (gu) (#+);V">i)a(^+),b (a S{y) + aj(y - vrr c )) 

- sin 2 (gu) (f _)^(<7i) j^-W" 2 (a S(y) + aj(y - nr c )) 

=Fi cos (gu) sin (gu) (^^(^W" 1 (a 5(y) + a J(y - vrr c )) . (33) 

Gauge invariance in the bulk requires 

w'(y) = -e(y)=>u(y) = -\y\. (34) 

One can verify, that such a transformation removes imaginary phases in the solution (fT7|) . 

It is worth noticing that in terms of the odd parameter fi, the gauge transformation of the 
A 5 reads 

A 5 — A h - ed 5 (fie" 1 ) . (35) 

One can check that on the branes the Lagrangian is not gauge invariant for \ao y7T \ ^ 1, and 
the uncancelled variation reads 

SC = i cos (gu) sin (gu) (f + )^ 7 M V^i(*+)^ ((1 - a 2 )5(y) - (1 - al)S(y - vrr c )) , 

+ sin 2 (gu) (*_);V 1/ 7 5 (* + We" 1 ((1 - « 2 )%) - (1 - al)S(y - 7rr c )) . (36) 

The above variation vanishes for sin(go;(0)) = and sin (gu(irr c )) = 0. The same conclusion 
can be obtained in a different way. One can analyze the action of gauge transformations on the 
boundary conditions ©. These change under the gauge transformation 

Va — > cos (9^) Va + ie=Fl sin (9^) &iVa ( 37 ) 



into 



e 1 5(y) cos (gu) 75(17 ) A + i8(y) sin (gu) (o r i) /3 75('7 



5(y)a cos(gu) (a 1 ) A B (rj + ) B - ie~ 1 5(y)a sin (gu) (tj~) a , 
e _1 <% - vrr c ) cos (gu) -f 5 (v') A + i( % - kt c ) sin (gu) (a x ) A B ^(rf^ B 

5(y - 7177)0^ cos (gu) (cri) A B (r] + ) B + ie~ 1 5(y - nr c )a n sin (#o>) (?y~) A . (38) 



These boundary conditions are invariant under the gauge transformation if sin (gu)(0)) = and 
sin (gu(irr c )) = 0, or for |a 0i7r | = 1. For the specific u(y) given by (|T?4T) we obtain quantization 
condition for the allowed backgrounds e p , which singles out gauge transformations which do 
not change boundary conditions: 

e P = p/r c , (39) 

where p G Z. We can parametrize different classes of the detuned models by a parameter 
9 G (0, — ) such that for given a®^ the vacuum expectation value of A 5 equals (A 5 ) = 9 + 
where p G Z. Models belonging to the same class are connected to each other by transformations 
(|37| with (|3~i|) and (|39|) . For 0:0 = 0:^ = —a the class with unbroken N=l supersymmetry is 
labelled by 9 = 0. One can check that 9 = corresponds to the flipped super-bigravity. The 
redefinition (an 'illegal' gauge transformation) 

vi — ► cos (^-) vi + ie Tl sin ( M ) a x if A , (40) 



2r c / ,A \2r, 



* ^ * - ^ (41) 

transforms this model to the frame, where a = l/a n = —a with (A 5 ) = 0. In the same 
way one can show that configuration a = l/ac n = —a with (A 5 ) = corresponds, upon 
the same redefinition, to the configuration a = a n = —a with vanishing (A 5 ), where N=l 
supersymmetry is unbroken. 

It is worth noticing that even for a function u which is independent of the fifth coordinate, 
the brane Lagrangian is not invariant under the gauge transformation as long as |«o| 7^ 1 or 
\a n \ 7^ 1, in fact even the global U(l) symmetry is explicitly broken. Supersymmetry breakdown 
by a non-zero vacuum expectation value of A 5 can be understood as a consequence of the explicit 
breaking of the gauged U(l) symmetry. To be more explicit, let us assume that for some values 
of the parameters «o, ct-n and (A 5 ) = e/g, the N=l supersymmetry stays unbroken, and that 
there exists a Killing spinor which satisfies boundary conditions generated by ao and a n . Let 
us imagine choosing another expectation value of A 5 ((A 5 ) = e'/g) such that e' — e 7^ 
where p G Z. One can gauge-transform this model to the frame where (A$) = e/g. The bulk 
Lagrangian is invariant under such a transformation, hence the solution for the Killing spinor in 
the bulk remains unchanged. However, the brane Lagrangian is not invariant and one obtains 
different boundary conditions with a' 7^ ao or a'^ 7^ a n ('prime' denotes parameters after the 
transformation), which are not satisfied by the bulk solution and, consequently, supersymmetry 
must be broken. On the other hand, in the 'tuned' case one can always gauge away the non- 
zero vacuum expectation value of A 5 , hence, if supersymmetry is unbroken for some (A5), this 
implies that it remains unbroken for any (^5). 



5 Supersymmetric Randall- Sundrum model with Z 2 -odd 
prepotential 

It is interesting to check whether the same analysis can be repeated for the FLP model. Let 
us take the prepotential V£ = gie(y)(cr 3 ) A and (Qo)a = (Qk)a = ( a 3)A- We do not put any 
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gravitini mass terms on the brane. The equations (J2J) reduce to 

A = gA^2 , A, = -gAV2 . (42) 

For g = ^V2k we obtain the bosonic part of the Randall-Sundrum model. 

Let us assume nonzero expectation value of A§ = e/g. Killing equation in the RS background 
reads 

= - lke(y) WV A + he(y)(a 3 ) A B%lV * , (43) 
= + iee(y)(a 3 ) A BV * + \ke(y)(a 3 ) A Bl5 r,l . (44) 

The equation (|I3|) implies r] A = 0, where it has been assumed that the Killing spinor doesn't 
depend on x M . One can easily find the solution for r\ A 

where rj is a four-dimensional Majorana spinor in flat space. 

Let us turn to the picture where (A 5 ) = 0. We can do this using the gauge transformation 

V M -^e vn ^ M , v ^e vn ^ V . (46) 

In this case we do not face problems with the singular terms, because we do not consider 
gravitini mass terms on the brane and d^{e vn<yV " > ) does not produce 5{y) function (V£l(y) is 
even). So, we can simply write finite transformation as follows: 

The Lagrangian variation under the U(l) gauge transformation includes: 

\^±) A l^l b d^ T U + ^ ± ) A Y u J 5 A 5 ieg(a 3 )*(y T U — > 
— \^±) A l^l 5 d^ T ) vA + ^ ± ) A ^ig(en)\a 3 )*(* T U 

+\(*±)$l^ 5 A 5 ieg(* 3 )*(^U - ~(* ± )^ 7 5 i6e(a 3 )i J (vI/ T )^ , (48) 
and gauge invariance requires 

(e(y)n(y))' = -e(y) =► fl(y) = -e(y)\y\ , (49) 

hence, one can gauge away non-zero vacuum expectation value by a true gauge transformation. 

One can check, ^2], that turning on non-zero gravitini masses on the branes while retain- 
ing the Z 2 -odd prepotential, explicitly violates the U(l) (gauged and global) symmetry and, 
therefore, in such a case it becomes possible to break supersymmetry by the expectation value 
ofA 5 . 
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6 Summary 



In this note we have analyzed supersymmetry breakdown by nonzero vacuum expectation value 
of A 5 in five-dimensional warped supergravities on the orbifold S 1 /Z 2 . We have shown that 
typically a wide class of gauge transformations does not respect the boundary conditions (jHJ), 
and, equivalently, the brane actions are not invariant under such transformations. As a con- 
sequence, it is not always possible to gauge away a nonzero vacuum expectation value of A 5 . 
Under such circumstances supersymmetry is spontaneously broken and we can parametrize dif- 
ferent classes of models by the parameter 9 £ (0, ^-), such that for given gravitini masses on 
the branes the vacuum expectation value of A 5 is (A 5 ) = # + ^r forp £ Z. In the special 'tuned' 
case where |Ao| = \X n \ = 6k all gauge transformations respect boundary conditions and super- 
symmetry remains unbroken for any value of (A 5 ). One may say, that the explicit breaking of 
the U(l) gauge invariance is necessary for supersymmetry breakdown by (A 5 ). It is interesting 
to notice that the origin of supersymmetry violation can be traced back to fermionic boundary 
conditions given in terms of boundary mass parameters of gravitini, which are supersymmetry 
singlets, whereas boundary superpotentials known to play a similar role do transform under 
supersymmetry variations. 

When this work was at the final stage of preparation, the very interesting paper [12J ap- 
peared, where the issue of supersymmetry breakdown by Wilson lines on warped S 1 /Z 2 has 
been discussed. 
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